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Abstract: An advanced avalanche photodiode (APD) was put forword which was integrated by the Si
Separate Absorption, Charge, Multiplication (SACM) and Ge SACM APDs. This advanced APD has
enlarged the detected wavelength range to 200-1 400 nm. Furthermore, the key parameters which were
used to characterize the APD performance, such as the electric field distribution, the dark current and
photocurrent, the gain, and the sensitivity of the APD were researched. The simulation results
demonstrated that the breakdown voltage of the advanced APD is 145V, the peak response is 22 A/W at
900 nm wavelength as cathode is 140 V, and the current gain of the advanced APD could get 50 at
400 nm wavelength before breakdown. The fabrication process was also discussed.
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0 Introduction

The explosive spread of the internet has increased
the demand for highly sensitive optical detectors for
high bit rate optical fiber communication systems™ 2!,
The avalanche photodiode (APD) is now finding
acceptance in an increasing range of applications
including optical communications, ranging, and laser
systems®™. Its advantages lie in its small size, internal
current gain, high-frequency response, and it usually
requires a relatively low supply voltage'. The materials
used in APD structure have a major effect on

determining the characteristics of the avalanche
photodiode. There are three main materials used in
avalanche photodiodes, germanium, silicon and group
IIT -V compounds. Germanium can be used for
wavelengths in the region of 800 —1 700 nm, and
silicon can be used for wavelengths in the region
between 200—1 100 nm!™'. Basic silicon photodiodes
are very suitable for optical receivers because of their
small capacitance and low dark current noise. However,
the silicon avalanche photodiode is limited to use in
the light detection between 400 nm to 900 nm due to
its band gap characteristics'.

In order to extend the wavelength range for APD,
and make it effectively detect the wavelength in 200-1
400 nm, we investigate an integrated APD with Si and
Ge material (IASG) to enhance its generality and
enlarge its

schematic diagram of the IASG. The IASG sandwiches

application field. Figure 1 gives the

a Si separate absorption, charge, multiplication (SACM)
APD and a Ge SACM APD with an oxide layer.
Here, the Si SACM APD is used to detect the light
with wavelength in 200—1 000 nm, and the Ge APD is
used to detect the light with wavelength in 900—1 400 nm.
Si and Ge APDs are back-to-back. The anodes are
led out from the top and bottom respectively, and the
common cathode is leaded out by the N+ polysilicon. In
addition, the N+ layer of Ge APD is formed by the

Si,_.Ge, material for reducing the process difficulty.
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Fig.1 Schematic diagram of the IASG

1 Device structure and principle operation

Figure 2 shows the schematic diagram of
avalanche process for IASG. The Antireflection (AR)
Coating is used to decrease the reflecting of short
wavelength light™. The long wavelength photons would

go through the Si APD and be aborted by Ge APD,
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Fig.2 Schematic diagram of avalanche process for IASG

and the photon avalanche process for Ge APD is the
same as that of Si APD. Because the P— silicon layer
absorbing the photon has wavelengths in the range of
approximately 200—1 100 nm ™. Most of the light with
wavelengths greater than approximately 1 100 nm is
propagated through the Si SACM APD into the P -
germanium layer of the absorption region. The P —
germanium of layer absorbs that remaining light that
propagates through layer up to wavelengths of
approximately 1 400 nm. Then the TASG could detect
the light wavelength from 200 nm to 1 400 nm, and

the short and long wavelength signals are outputted
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from the top and bottom anodes respectively. of gain on reverse bias voltage for IASG as

Table 1 gives the IASG structure parameters. For
balancing the Si APD and Ge APD in the light
detection, and simplifying the bias control for
ionization state in APD, the breakdown voltages of
both should be the same. Therefore, the Si and Ge
APD structures are designed all the same, except the
higher doping concentration of P layer at the
multiplication region, because the breakdown field of
Ge is lower than that of Si, and the higher doping
concentration of P layer could increase the electric
field at the place between P layer (multiplication) and
P- layer (absorption). Furthermore, the N+ region of
Ge APD is formed by the Si,_,Ge, material. This is
for meeting the manufacturing process, and the detail

process flow would be discussed at the lateral study.

Tab.1 IASG structure parameters

P . Si SACM APD Ge SACM APD
arameters thickness and doping thickness and doping
P+ layer 0.1 pm/1.0x10”cm™  0.1vm/1.0x10" cm™
P- layer

30 um/1.3x10" cm™ 30 wm/1.3x10" cm™

(absorption)

P layer

0.1 pm/2.0x10" cm
(Multiplication) pm/z x0T em

0.1 pm/2.5x10" cm™

P-1 ‘
(Multi lflyetr. ) 0.4 pm/5.0x10"cm™ 0.4 pum/5.0x10" cm™

ultiplication

N+ layer 0.5 pm/2.0x10”cm™ 0.5 um/2.0x10" cm™

N+ Polysilicon 31.5 pm/2.0x10" cm™

Buried Oxide 0.5 pm

2 Device characteristic and discussion

To study and discuss the IASG characteristics, a
series of simulations were performed using the Silvaco
TCAD software package ™. The IASG structure is
created by the Devedit simulator; then, the physical
level equations and computing results were
respectively conducted by ATLAS and analyzed by
Tonyplot. The current gain is defined as the ratio of
the cathode current and the effective photocurrent.
1 W/cm? and the

Here, the light intensity is

wavelength is 1.3 wm. Figure 3 shows the dependence

wavelength is 1.3 wm. the results illustrate that the
tendency of current gain is the same as that of
photoelectric current, and the gain increases quickly at
the 145V as IASG avalanche breakdown.
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Fig.3 Dependence of gain on reverse bias voltage for IASG

Figure 4 gives the relationship between cathode
current and wavelength for Si and Ge APDs as
cathode voltage is 140 V. From the results we know
that the photoelectric current of Si APD is in the
region of 200 nm to 1100 nm, and that of Ge APD is
in the region of 800 nm to 1600 nm. Si and Ge APDs
have the ionization

coefficient of Ge is higher than that of Si, but the AR

same breakdown voltage, the

coating is better for short wavelength photon, and

would reflex part of long wavelength photon.
Therefore, the Si APD has larger photoelectric current,
while the Ge APD has expanded the detected light

wavelength region for IASG.
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Fig.4 Relationship between cathode current and wavelength for

Si and Ge APDs

The spectral sensitivity (R) of photodiode detector

is defined as the ratio of the photoelectric current and
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the input light power, and it could be expressed as
R:ﬂ OF (1)
hv

Where, QF is the quantum efficiency, ¢ is the
electronic charge, A is the light wavelength, and hv is
the photon energy. QF is defined as the percentage of
incident photons (/y.m) generating electron-hole pairs
which subsequently contribute to the output current
(1), and it could be expressed as!":
QE=Il Lpsn (2)
Figure 5 shows the impact of cathode voltage on
the sensitivity and gain in the light region of 100 nm
to 2000 nm. The results show that the IASG has the
wide wavelength region from 200 nm to 1400 nm. The
IASG has the peak response wavelength at 900 nm, and
gets the highest gain at 400 nm. In the SACM APD

detector, the hole generated in the N+ layer and the
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Fig.5 Impact of cathode voltage on the sensitivity and gain

electron generated in the P — layer (multiplication
region) by the photon would join in the multiplication.
Because the ionization coefficient of electron is larger

than that of hole, so the thickness of N + layer is

designed as 0.5 pm to get more electron in the
avalanche multiplication.

Figure 6 gives the dependence of dark current on
reverse bias voltage as different Ge content in Sil_Ge,
layer for IASG detector™. In the IASG process flow,
the Ge material is deposited on the Si;_Ge, layer for
interface  of

decreasing the defects at the

heterojunction, because the increasing Ge content
could decrease the lattice mismatch between Si,_Ge,
layer and Ge layer. The results in Fig.6 show that the
dark current decreases with the increase of Ge content
in Si,_Ge, layer. Here, x=0 represents that the Si,_Ge,
layer is Si layer, and x=1 represents that the Si,_Ge,
layer is Ge layer. Considering the process difficulty,

the x=0.5 is used in the Si,_Ge, layer at Ge APD.
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Fig.6 Dependence of dark current on reverse bias voltage

as different Ge content in Si;_Ge, layer

The capacitance of APD is similar with that of
photodiode, and the capacitance could be seen as a
parallel plate capacitor, it is expressed as:

_ &A
C= 4krd ()

Where, &, is the dielectric constant, A is the overlap
area, and d is the space between the anode and
cathode parallel plates. Figure 7 gives the capacitance
comparison between Si APD, Ge APD and IASG. As
cathode exceeds 20 V, the absorption region is
depleted, and the multiplication region is depleted
fully as cathode is larger than 80 V. So the space
between the anode and cathode is the same for Si
APD and Ge APD. Due to the dielectric constant of

Ge and Si;;Ge,; is bigger than that of Si, and the
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overlap area of Ge APD is larger than that of Si
APD, so the capacitance of Si APD is lower than that
of Ge APD. Because the IASG structure consists of
Si APD and Ge APD in parallel,
capacitance of IASG is the sum of the Si and Ge APDs.

therefore, the
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Fig.7 Dependence of capacitance on reverse bias voltage

Fabrication procedure

SWBI pixel structure is illustrated in Fig.8(a). An P-—
doped SOI wafer A is prepared, and a thin P doped
layer and a thin P— doped layer are deposited on the
SOI wafer A. Meanwhile, a second SOI wafer B is
prepared in Fig.8 (b). The top silicon layer used for
cathode of Si APD is doped as N+ type. In Fig.8(c),
the wafer A is turned over and bonded to the top of
wafer B. A lithographically patterned P+ anode layer
is formed on the top. In Fig.8 (d), the handled silicon
of the SOI wafer B is polished to leave 0.5 pm Si
layer. After the Ge and phosphorus implanted and
annealing, an N+ doped SiGe layer is formed. In Fig.8(e),
a thin P— doped Ge layer, a thin P doped Ge layer, a
thick P— doped Ge layer and a thin P+ doped Ge
layer are deposited on the SiGe layer in turn. Then,
the Si APD and Ge APD are formed. In Fig.8 (f), a
lithographically patterned trench is formed on the top,

A sketch of the fabrication procedure of the after the Si and oxide is etched to the SiGe layer, the
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Fig.8 Main process for the fabrication of the IASG

polysilicon is deposited to fill and etched back to the
Si surface. A thin oxide or nitride layer used for AR
coating is deposited on the Si surface. Then, the top

and bottom electrodes are formed.

4 Conclusion

To extend the wavelength range for APD, and
make it effectively detect the wavelength in 200 —
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1 400 nm, an integrated APD with Si and Ge (IASG)
is investigated to enhance its generality and enlarge its
application field. The IASG is
SACM APD and a Ge SACM APD with an oxide
layer to detect the light of short and long wavelength

sandwiched a Si

respectively. The characteristics of IASG are studied,
the simulation results demonstrated that the breakdown
voltage of IASG is 145V, the peak response is 22 A/W
at 900 nm wavelength as cathode is 140 V, and the
current gain of IASG could get 50 at 400 nm

wavelength before breakdown.
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